Calcium
by lowering the extracellular calcium concentration [3] .
There is also compelling evidence for the role of Numerous studies over the past 15 years in different cellular calcium in the pathophysiology of ischaemic injury models and cell types have demonstrated an acute renal failure (ARF ) in vivo. Chemically dissimilar increase in cytosolic calcium in renal epithelial cell calcium channel blockers (CCB) are effective in preinjury. Some of these studies are summarized in venting or attenuating the course of experimental isch- Table 1 . However, despite these studies, crucial quesaemic ARF [4] . Vascular perturbations in experimental tions to implicate calcium as the primary factor in cell ischaemic ARF were found to be associated with an injury have remained. Does the increase in calcium increase in calcium in afferent arterioles from ischaemic precede the injury? Does preventing the rise in cytosolic as compared to control kidneys [5] . On the background calcium attenuate the injury? Recent studies have proof these experimental results, the efficacy of CCB has vided insight into these questions. Both Weinberg et al. been shown in preventing ARF associated with cada- [1] and Kribben et al. [2] conclusively demonstrated veric transplantation and radiocontrast media [6 ] . in proximal tubules that hypoxia is associated with a What are the mechanisms whereby increases in rise in cytosolic calcium which precedes any evidence cytosolic free calcium lead to cell membrane injury? of membrane damage. To further support a pathogenPotential calcium-dependent mechanisms include etic role of intracellular calcium, calcium-mediated injury is also reversible with reoxygenation [2] , a changes in the actin cytoskeleton of proximal tubule and activation of cyst-another family of caspases, the 'executioners' (caspases 2, 3 and 7). eine proteases. We shall review the role of cysteine proteases in calcium-mediated proximal tubular injury.
Role of calpain in hypoxic proximal tubular injury Cysteine proteases
The calcium-dependent calpains have been shown to be mediators of hypoxic/ischaemic injury to brain and The cysteine proteases are a group of intracellular heart [8, 9] . Calpain is also a mediator of preservationproteases that have a cysteine residue at their active reperfusion injury in rat liver transplantation [10] . We site. They consist of three major groups: cathepsins, were first to demonstrate that calpain plays a role in calpains and the newly discovered caspases. The major hypoxia-induced necrosis to rat renal proximal differences between the groups of cysteine proteases tubules [11] [12] [13] . are shown in Table 2 . The cathepsins are non-calciumAn assay for calpain in freshly isolated rat PT was dependent lysosomal cysteine proteases that do not developed [11] . In this study, the calcium-ionophore, appear to play a role in lethal cell injury.
ionomycin, induced a dose-dependent increase in cytoCalpain, is the major calcium-dependent cytosolic solic calcium and calpain activity. During hypoxia and cysteine protease so far described and is ubiquitously ionomycin treatment, the increase in calpain activity present in most cell types including renal tubules.
preceded cell membrane damage. Inhibition of Calpain exists in the cytosol as the inactive proenzyme, hypoxic-and ionomycin-induced increases in calpain procalpain, which translocates from the cytosol to the activity with chemically dissimilar cysteine protease cell membrane in the presence of micromolar conceninhibitors elicited cytoprotection against accompanytrations of cytosolic calcium. Autocatalytic activation ing PT cell membrane damage [11] . The effect of low of procalpain to active calpain occurs at the membrane free cytosolic calcium on this hypoxia-induced calpain in the presence of calcium and phosphatidylinositol.
activity was also determined [12] . Low free cytosolic Activity of autolysed calpain is subject to final regulacalcium attenuated the hypoxia-induced increase in tion by calpastatin, a specific endogenous calpain calpain activity. This attenuation of calpain activity inhibitor.
was observed early before hypoxia-induced membrane The caspases are a newly discovered family of damage and was associated with marked reduction in intracellular cysteine proteases. The term 'caspase' the typical pattern of hypoxia-induced cell membrane embodies two properties of these proteases in which damage. This study suggested that the protective effect 'c' refers to 'cysteine' and 'aspase' refers to their specific of low intracellular calcium against hypoxic injury is ability to cleave substrates after an aspartate residue. mediated at least in part by inhibition of calpain There are 13 members of the caspase family, caspases activity. 1-13. Caspases participate in two distinct signalling pathways: (i) activation of proinflammatory cytokines and (ii) promotion of apoptotic cell death [7] . The Role of caspases in hypoxic proximal tubular injury members of the caspase family can be divided into three subfamilies based on substrate specificity and function. Caspase-1 (previously known as interleukin-1 The caspases, although not calcium dependent, play a key biological role in inflammation and mammalian converting enzyme or ICE) plays a major role in the activation of proinflammatory cytokines. Caspases 6, cell death. In animal studies, caspase inhibitors are potent therapeutic agents against in vivo apoptosis. 8 and 9 are upstream components in the proteolytic cascade. These 'initiator' caspases pronounce the death Anti-Fas antibody administered to mice leads to lethal hepatic cell apoptosis within hours, whereas mice sentence. They are activated in response to signals indicating that the cell has been stressed or damaged treated with a caspase inhibitor survive and remain healthy [14] . Mice deficient in caspase-1 demonstrate or has received an order to die. They clip and activate
However, Z-D-DCB did not inhibit the activity of ischaemia-reperfusion injury. While caspases play an important role in apoptosis, they are also involved in purified calpain in vitro.
In summary, these data suggest that both caspasenecrotic cell death. Rat kidneys subjected to ischaemia demonstrate an increase in both caspase-1 and mediated activation of calpain and calpain-mediated activation of caspases occur during hypoxic proximal caspase-3 mRNA and protein expression [16 ] .
On the basis of the dramatic protective effect of tubular injury. These data are supported by other studies that demonstrate simultaneous activation of caspase inhibition on cell death in brain, heart and liver, we examined the role of caspases in hypoxia-both calpain and caspases during cell death [18] . Thus, it is possible that during hypoxic proximal tubule induced necrosis in rat proximal tubules. Tubular caspase activity was increased after 15 min hypoxia in injury there are different proteolytic pathways involving different caspases and calpains. A proposed relaassociation with increased cell membrane damage as assessed by lactate dehydrogenase (LDH ) release. tionship between caspases and calpain during hypoxic proximal tubular injury is demonstrated in Figure 1 . Proximal tubules preincubated with a pancaspase inhibitor demonstrated a dose-dependent decrease in caspase activity and markedly decreased LDH release
Targets of caspases during hypoxic/ischaemic
during 15 min hypoxia [17] .
Next, an experiment was done to identify the caspase proximal tubular injury involved in hypoxic proximal tubular injury [17] . The caspase assay was developed using the fluorescent Cells that contain calpain also contain an endogenous substrate Ac-YVAD-AMC which is preferentially inhibitor of calpain called calpastatin. Calpastatin, like cleaved by group I caspases (caspases 1, 4 and 5). The calpain, is ubiquitously present in most cell types. The fluorescent substrate Ac-DEVD-AMC which is cleaved inhibitor-calpain interaction is calcium-dependent. by group II caspases (caspases 2, 3 and 7) was also Proteolysis of calpastatin by caspases has recently been used. Caspase activity was measured in normoxic and described [18] . Thus calpastatin may be a target of hypoxic tubules with both substrates. Significant fluo-caspases. The link between caspases and calpain/calparescent activity was detected with Ac-YVAD-AMC but statin is also suggested by the following. It has been not with Ac-DEVD-AMC suggesting that caspases 1, reported that caspase-1 (ICE) knockout mice have 4 and 5 are involved in hypoxic injury. As a positive decreased levels of both IL-1b and IL-1a [15] . It is control, purified caspase-3 was assayed using the well established that, while caspase-1 is the pro-IL-1b substrates Ac-YVAD-AMC and Ac-DEVD-AMC. processing enzyme, calpain is the preferred IL-1a proSignificant caspase activity was only detected with cessing enzyme. This decrease in the calpain-mediated Ac-DEVD-AMC and minimal activity was detected production of IL-1a in caspase-1 knockout mice is with Ac-YVAD-AMC.
intriguing. It is possible that caspase-1 may activate calpain either directly or via calpastatin degradation.
The interaction between caspases and calpastatin

Interaction between calpain and caspases
was investigated during renal ischaemia-reperfusion injury [19] . Renal ischaemia-reperfusion injury was Our results suggest that both calpain and caspases play a role in hypoxia-induced cell membrane damage in proximal tubules. A prelethal increase in cytosolic calcium is a cardinal feature of our hypoxic proximal tubule model. How are the non-calcium-dependent caspases activated during hypoxia? There are two possibilities. Caspase activation may be downstream of calcium-mediated activation of calpain or caspases may be activated in a separate pathway independent of calcium. Since an interaction between caspases and calpain during cell injury has been suggested [15], we studied the effect of the specific calpain inhibitor, PD150606, on the hypoxia-induced increase in caspase activity in proximal tubules [17] . PD150606 inhibits calpain activity and protects against hypoxic injury in rat proximal tubules [12] . PD150606 also attenuated the hypoxia-induced increase in caspase activity. However, PD150606 did not inhibit the activity of purified caspase-1 in vitro suggesting that calpain may Fig. 1 . Hypoxia-induced necrosis in proximal tubules may involve be upstream of caspases during hypoxic proximal activation of proteolytic pathways involving different calpains and caspases. tubular injury. Next the effect of caspase inhibition on 
